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Zinc oxide nano particlesAbstract This study is to investigate the effect of zinc oxide nano particle addition to diesel-
biodiesel-ethanol blends. Solubility tests were done for the fuels at three different temperatures.
Out of eighteen blends, six blends were stable at 5 C, 15 C and above 25 C. Out of the six blends,
two blends were checked for properties as per ASTM standards. One of them was chosen for testing
the performance, combustion and emission characteristics in a diesel engine. In the same blend, zinc
oxide was added in the amount of 250 ppm. Property testing of the blended fuel indicated that there
was an increase in calorific value due to addition of nano particle. The performance tests were con-
ducted on a single cylinder four stroke direct injection diesel engine at a constant speed of 1500 rpm.
For the blend containing zinc oxide, there was an increase in BSFC, HRR and cylinder pressure.
Also, there was a decrease in BTE, NOx and smoke, as compared to diesel. The addition of zinc
oxide nano particles increased the BTE and decreased the BSFC as compared with the biodiesel die-
sel ethanol blend at full load. This study gives a direction to utilize the renewable fuel to reduce the
consumption of fossil fuel.
 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The rapid depletion of fossil fuels has led to development of
alternate fuels. Biofuels are one of the alternate fuels to reduce
the dependency on fossil fuel and can replace petroleum fuels.Biodiesel from vegetable oils is one of the renewable fuels that
can be used in a diesel engine with or without some minor
modifications. Using Biodiesel increases the oxygen content
resulting in better combustion. Other properties of biodiesel
are also similar to diesel. However, higher viscosity and density
of the biodiesel lead to higher BSFC and higher smoke emis-
sions. To minimize this limitation, one alternate method is
addition of ethanol. The addition of ethanol in biodiesel,
reduces the viscosity and density of the blend and becomes
similar to diesel. Biodiesel-diesel-ethanol blends produce lesser
Nomenclature
D40 B30 E30 + ZnO (250 ppm) 40% diesel, 30% biodie-
sel, 30% ethanol + 250 ppm of zinc oxide
nanoparticle
D40 B30 E30 40% diesel, 30% biodiesel, 30% ethanol
POME palm oil methyl ester
TFC total fuel consumption
BSFC brake specific fuel consumption
BTE brake thermal efficiency
ME mechanical efficiency
HRR heat release rate
CA crank angle
CO carbon monoxide
HC hydrocarbons
NOx oxides of nitrogen
EGT exhaust gas temperature
BMEP brake mean effective pressure
ppm parts per million
FSN filter smoke number
PM particulate matter
D40 B30 E30 C6
D40 B30 E30 + ZnO (250 ppm) Nano C6
3356 B. Prabakaran, A. Udhojiemissions of smoke and NOx emissions compared to diesel,
due to addition of ethanol.
More and more consumption of fossil fuels evacuate the oil
reserves at a rapid rate. The projections of 30 year period of
1990–2020 from a survey resulted that the demand of fossil
fuel will be three times and will give a severe impact on envi-
ronment. Also the author suggested that biodiesel from veg-
etable oils is potential source for alternate fuels to replace or
reduce the consumption of diesel [1].
Chong et al. [2] studied the effect of oxygenated palm oil
biodiesel in a diesel engine. It was observed that there was a
delay in ignition which leads to lower cylinder pressure. Also
there was an increase in BTE and CO2 emissions.
Debnath et al. [3] investigated the effect of emulsified palm
oil methyl ester. Due to emulsification, better efficiency was
observed along with the reduction in BSFC. Also, NOx emis-
sions were reduced as the water reduces the cylinder
temperature.
Lesnik et al. [4] analyzed the influence of biodiesel on the
injection characteristics of a diesel engine. Results showed that
advancing injection timing increases the in-cylinder pressure.
There was a reduction in CO emissions and increase in NOx
emissions. Also, the EGT was reduced due to lower calorific
value of the fuel.
Nagaraja et al. [6] studied the effect of compression ratio on
preheated palm oil biodiesel blends. Results showed that the
brake power of palm oil biodiesel-diesel blend is higher than
that of standard diesel at higher compression ratio and full
load condition. There was an increase in mechanical efficiency
and thermal efficiency and indicated mean effective pressure.
Also, there was a reduction in CO and unburned hydrocarbon
with increase in CO2 emissions.
Muralidharan et al. [7] investigated the effect of biodiesel
from waste cooking oil-diesel blends in a variable compression
ratio engine. The EGT tends to reduce with increase in com-
pression ratio. HC and NOx emissions were increased while
CO and CO2 remain the same.
Hansen et al. [8] suggested that Ethanol, among the alco-
hols, can be used in a diesel engine as a blend with diesel to
reduce or replace the dominance of diesel. Many researchers
studied about ethanol-diesel blends in a diesel engine. Ethanol
addition to diesel has some limitations such as lower calorific
value, cetane number, and flash point. Also, ethanol-diesel
blends phase separation issue, above 15% of ethanol content.
To reduce these limitations, researchers used ethanol additionto diesel-biodiesel blends. Various researchers studied about
these blends.
Rakopoulos et al. [9] evaluated the effect of using blends of
ethanol and diesel. It was observed by the author that there
was an increase in the BSFC, decrease in smoke density and
NOx emissions similar to diesel.
Labeckas et al. [10] examined the influence of ethanol and
biodiesel addition to diesel fuel and reported about the effects
on start of injection, ignition delay, combustion and maximum
heat release rate, engine performance efficiency and emissions
and the results were increase in heat release rate, decrease in
CO, NOx and smoke compared to diesel.
Shi et al. [11] studied the emission characteristics of
ethanol-biodiesel and diesel fuel blends and reported that there
was decrease in NOx and PM emissions from the blends.
Al-Hassan et al. [12] studied the solubility of diesel-
ethanol blends and performance of diesel biodiesel ethanol
blends in a diesel engine. The author reported that the blend
containing 20% ethanol and 10% biodiesel from waste frying
oil is stable for 2 h. The author addressed the limitation of
diesel-ethanol blends as phase separation with increase in
ethanol content.
The addition of nano particles to diesel has been done by
various researchers for the improvement of performance and
reduction of emissions in diesel engine. Solubility tests of var-
ious proportions of ethanol and biodiesel have been performed
in this paper to reduce the limitation. Also, to improve the per-
formance of the blend, addition of ZnO nano particle study
has been conducted.
Kumar et al. [13] investigated the effect of diesel water
emulsions and nanotechnology in diesel engine. The addition
of nanofluids decreased the emission parameter and there
was an improvement in combustion efficiency. The author also
reported that nanofluids had the potential as the next genera-
tion fuel for lowering emission and combustion efficiency
improvement and projected the limitations of commercializa-
tion of nanofluids.
Selvaganapathy et al. [14] studied the effects of addition of
zinc oxide nano materials to diesel. The author reported that
there was an increase in BTE, increase in NOx and smoke
emissions compared to diesel.
Karthikeyan et al. [15,16] studied the effects of addition of
zinc oxide nano particles in palm oil biodiesel and the results
indicate that there was increase in BTE, NOx, EGT and
decrease in emissions of CO, HC and smoke.
Table 2 Nano particle specifications.
Chemical formula ZnO
Purity 99.9%
Average particle size 30 nm
Density 5.606 gm/cc
Color White
Crystal phase Single crystal
Table 3 Ultrasonic probe sonicator.
Name Ultrasonic probe sonicator
Type Probe type
Frequency 50–60 Hz
Input voltage range 220–240 V AC
Ultrasonic power 120 W
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silica nano particles in butanol-diesel blends and the results
showed that there was an increase in engine performance,
decrease in emissions of soot and an increase in CO and
NOx compared to diesel and nano particle blends on engine
performance.
Prabakaran et al. [18,19] investigated the effect of addition
of Zinc Oxide nano particles to diesel ethanol blends. There is
an increase in heat release rate with the increase in ZnO nano
particles in the fuel. The increase in the BTE is proportional to
the increase in ZnO nano particles in the blend. This is due to
the higher heat release of the blend containing ZnO. Higher
heat release is the result catalytic action of zinc oxide nano par-
ticles in the blend.
From the previous studies it can be summarized that the
limitation of utilizing ethanol in diesel engine was phase sepa-
ration. The present study focuses on the solubility of ethanol-
POME-diesel blends with the range of ethanol 20–30%,
POME 5–30% and rest diesel in three different temperatures
5 C, 15 C and above 25 C. Out of the eighteen blends, one
blend is selected after the solubility study and is taken for
the performance, combustion and emission characteristics in
diesel engine with and without zinc oxide nano particles. The
results are presented and compared with diesel.
2. Experimental study
2.1. Solubility test
The fuels were blended together in different proportions. The
stability of the blends was checked at three different tempera-
tures being 5, 15 and 25 C. The status of the blends is pre-
sented in Table 1.
2.2. Nano particle blending
The specifications of ZnO nano particles are presented in
Table 2. The Zinc oxide nano particle, with average particle
size less than 100 nano meter, was brought from Sigma AldrichTable 1 Phase stability.
S. No. Diesel% Ethanol% POME%
A1 75 20 5
A2 70 20 10
A3 65 20 15
A4 60 20 20
A5 55 20 25
A6 50 20 30
B1 70 25 5
B2 65 25 10
B3 60 25 15
B4 55 25 20
B5 50 25 25
B6 45 25 30
C1 65 30 5
C2 60 30 10
C3 55 30 15
C4 50 30 20
C5 45 30 25
C6 40 30 30(name of the supplier from USA, authorized distributor for all
nano particles) [20]. The particles were blended in the fuel by
means of an Ultrasonicator continuously till clear blend
appears. Ultrasonicator is one which applies ultrasonic energy
to the particles for better dispersion. The amount of nano par-
ticle added was 250 ppm. The Ultrasonicator was probe type,
with ultra-sonication power of 120 W, set at a frequency of
50–60 kHz. The specifications of the Ultrasonicator are given
in Table 3.
2.3. Properties of fuels
Stable blends are tested for various properties as per ASTM
blend standards. The properties are tabulated in Table 4.
2.4. Engine setup
The experimental setup is as shown in Fig. 1 and the specifica-
tions are tabulated in Table 5. The test fuel was checked for>25 C 15 C 5 C
Unstable Unstable Unstable
Unstable Unstable Unstable
Stable Unstable Unstable
Stable Unstable Unstable
Stable Stable Stable
Stable Stable Stable
Unstable Unstable Unstable
Unstable Unstable Unstable
Unstable Unstable Unstable
Stable Stable Unstable
Stable Stable Stable
Stable Stable Stable
Unstable Unstable Unstable
Unstable Unstable Unstable
Unstable Unstable Unstable
Stable Unstable Unstable
Unstable Unstable Stable
Stable Stable Stable
Table 4 Properties of fuel.
Property Diesel Ethanol Palm oil biodiesel D40 B30 E30 D40 B30 E30 + ZnO (250 ppm)
Density (kg/m3) at 30 C 855 821.6 866 828.5 836.3
Kinematic viscosity, cst (at 40 C) 2.95 1.1 4.802 2.42 2.32
Flash point (C) 60–80 13 174 10 16
Calorific value (KJ/Kg) 43,000 27,000 36,764 34,907.11 36,896.36
Oxygen content (wt%) – 35 11.7 0.82 0.80
Cetane number 52 8 63 57 55
Figure 1 Test Engine layout.
Table 5 Engine specifications.
Name Kirloskar
Number of cylinders 1
Displacement volume 662 cc
Bore  stroke 87.5 mm  110 mm
Compression ratio 17.5:1
Operating speed 1500 rpm
Injection timing 23 deg BTDC
Power 4.41 kw
3358 B. Prabakaran, A. Udhojicombustion, performance and emission in a single cylinder,
four stroke, direct injection, constant speed, Kirloskar diesel
engine. The volume displaced by the piston was 662 cc and
the compression ratio was 17.5:1. The crank angle at whichTable 6 Experimental uncertainties.
S. No. Instruments Range
1. Smoke level measuring instrument FSN 0-10
2. Exhaust gas temperature indicator 0–900 C
3. Speed measuring unit 0–10,000 rpm
4. Burette for fuel measurement
5. Digital stop watch
6. Manometer
7. Pressure pickup 0–110 bar
8. Crank angle encoderthe fuel was injected was 23 degree before TDC. The operating
speed of engine was 1500 rpm and the maximum power gener-
ated by the engine was 4.4 kW.
The dynamometer used was eddy current type. A piezoelec-
tric pressure transducer of Kistler make was used to measure
the cylinder pressure. Pressure from the combustion chamber
is captured and fed to data acquisition system for further com-
bustion analysis. The fuel consumption was measured by using
time taken to consume 10 cc of fuel. The performance charac-
teristics were calculated using the voltage and current. The
emissions were measured using an AVL DI GAS Gas Analyser
and Smoke meter. The uncertainty values of the instruments
are given in Table 6.
The estimated uncertainty values at a typical operating con-
dition are given belowAccuracy Percentage of uncertainties
+0.1 to 0.1 ±1
+1 C to 1 C ±0.15
+10 rpm to 10 rpm ±0.1
+0.1 cc to 0.1 cc ±1
+0.6 s to 0.6 s ±0.2
+1 mm to 1 mm ±1
+0.1 kg to 0.1 kg ±0.1
+1 to 1 ±0.2
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Load: ±0.49%
Mass flow rate of air: ±0.62%
Mass flow rate of diesel: ±0.87%
Brake power: ±0.25%
Brake thermal efficiency: ±0.27%
NOx: ±1.1%
Hydrocarbon: ± 0.01%
CO: ± 0.8%
Smoke: ± 2.0%
The uncertainty in the experimental measurements varies
from 0.01% to 2%.0
25 50 75 100
Load (%)
Figure 2 BTE.
0.8 Diesel3. Results and discussion
An experimental study for utilizing the renewable fuels (etha-
nol and POME) is conducted in three stages such as solubility
in three different temperatures, property testing, addition of
ZnO nano particle, performance, combustion and emission
characteristics of the blend in a diesel engine are analyzed
and the results are presented as follows:0
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Figure 3 BSFC.3.1. Solubility tests
Out of 18 blends tested for solubility, five blends were stable in
all the three temperatures (5 C, 15 C,>25 C). From Table 7,
it can observed that blends of ratio higher than 1:1 (ethanol:
biodiesel) are stable in the range of 5 C, 15 C and >25 C.
Similar results were reported by Hansen [8].
As the blend C6 contains least amount of diesel and
stable in all three temperatures, it is selected for further
studies. Also, the volume of ethanol and POME which are
renewable fuels are higher than other blends. This enables
more utilization of renewable fuels to replace the fossil fuels
(diesel).
3.2. Performance characteristics
3.2.1. Brake thermal efficiency
Fig. 2 shows the variation of brake thermal efficiency of the
blends as compared to diesel with respect to load. It is
observed that the BTE of blends is lower than that of diesel
due to lower calorific value of the blend as compared to die-
sel. Also, at full load, the BTE of nano C6 is higher than
that of C6 due to the addition of nano particles in the
blend, which enhanced the higher surface to volume ratio
and increased the average combustion temperature. This is
also represented by the increase in EGT along with the
increase in load.Table 7 Stable proportions.
S. No. Diesel% Ethanol% POM
A5 55 20 25
A6 50 20 30
B5 50 25 25
B6 45 25 30
C6 40 30 303.2.2. Brake specific fuel consumption
Fig. 3 shows the variation of brake specific fuel consumption
of the blends as compared to diesel with respect to load. It is
observed that the BSFC of the blends is higher than that of
diesel at all loads as the calorific value of the blends is lower
than diesel due to the presence of ethanol in the blends. Also
latent heat of vaporization of blends is higher. So it is consum-
ing more time to evaporate and reducing the temperature of
the combustion chamber, at lower loads. However, as the load
increases, it is observed that there is a decreasing trend ofE% >25 C 15 C 5 C
Stable Stable Stable
Stable Stable Stable
Stable Stable Stable
Stable Stable Stable
Stable Stable Stable
3360 B. Prabakaran, A. UdhojiBSFC as the temperature increases at higher loads. ZnO nano
particles in the blend assisting the combustion activity by the
catalytic action thereby enable better combustion at high tem-
peratures. Also, the surface to volume ratio of nano particle is
higher, better atomization of fuel blend happened at high tem-
peratures [21,22].3.2.3. Exhaust gas temperature
Fig. 4 shows the variation of exhaust gas temperature of nano
C6 as compared to diesel with respect to load. It is observed
that the EGT of the blends is lower than diesel. This is due
to higher latent heat of evaporation of the fuel blend as the
blend contains ethanol. Also, with the increase in load, the
EGT of the blends increases as the average temperature of
the combustion chamber is relatively higher. Exhaust gas tem-
perature decreases with the addition of ethanol as the heat of
vaporization of ethanol is higher. However, the presence of
ZnO nano particles increases the speed of combustion due to
the catalytic activity, thereby increasing the average tempera-
ture of the combustion chamber. This is evidenced from the
trend of the graph such that after 50% load, the EGT of the
blend containing nano particles is higher than the ethanol bio-
diesel blend.0
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Figure 5 HRR.3.3. Combustion characteristics
Fig. 5 shows the variation of heat release rate of blends at full
load as compared to diesel with respect to crank angle. The
maximum heat release for diesel was 47 kJ/m3 deg at 6 deg
CA, for C6 was 93 kJ/m3 deg at 6 deg CA, and for nano
C6 was 98 kJ/m3 deg at 2 deg CA. It is observed that the
maximum heat release of the blends is higher than that of die-
sel. This can be due to improved ignition characteristics
because of higher surface area to volume ratio of nano parti-
cles and also due to higher oxygen content of the fuel. Also,
the reactivity of the oxygen is better at higher temperatures.
Fig. 6 shows the variation of pressure of blends at full load
as compared to diesel with respect to Crank angle. The maxi-
mum pressure for diesel was 66 bar at 7 CA, for C6 was
72 bar at 8 CA and for nano C6 was 75 bar at 8 CA. It is
observed that the cylinder pressure of both the blends is higher
than that of diesel. This can be due to rapid combustion due to
the accumulation of the fuel as the heat of vaporization of the
fuel blends is higher which led to cooling effect at lower loads
and enhanced the accumulation. Even though, the cetane num-
ber of both the blends is higher than that of diesel, the domi-
nance of the heat of vaporization at lower loads led to more
evaporation time and led to rapid combustion.0
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3.4.1. Carbon monoxide
Fig. 7 shows the variation of carbon monoxide level of blends
as compared to diesel with respect to load. It is observed that
the CO of blend C6 is higher than that of diesel before part
load. This is due to the poorer atomization and cooling effect
as the ethanol in the blend increases the heat of vaporization
higher than diesel. This reduces the average temperature of
the combustion chamber, which is also evidenced in the EGT
at part loads. However at higher loads the dominance of the
heat of vaporization reduces and better complete combustion
occurred, leading to lesser CO emissions. For blend nano
C6, the CO emissions are lesser than diesel at all loads. This
is due to addition of nano particles, which aids in combustion
due to the catalytic action, thereby reducing CO emissions.
3.4.2. Hydrocarbons
Fig. 8 shows the variation of unburned hydrocarbon level of
blends as compared to diesel with respect to load. It is
observed that the HC of C6 is lower than diesel up to 75%
load. It is higher than diesel only at full load. This is due to
the less time available for the blend to combust at full load.
Also nano C6 has higher HC at lower loads till 25% load only
and is lesser than diesel after 25% load. This is due to the pres-
ence of the nano particles reacting to improve the combustion.
Also, as the temperature of the cylinder is very high at full load
more complete combustion occurred leading to lower HC
emissions.
3.4.3. Oxides of nitrogen
Fig. 9 shows the variation of oxide of nitrogen level of the
blends as compared to diesel with respect to load. It is
observed that for all loads the NOx of blend C6 is lower than
that of diesel. This is due to ethanol content which reduces the
average combustion chamber temperature and prevents the
formation of NOx. Also, due to low calorific value of the
blends, the cylinder temperature is lower than that of diesel.
For the blend nano C6 the presence of ZnO increases the
calorific value and increases the average combustion chamber
temperature, leading to higher NOx emissions compared to C6
and lower than diesel.0
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Figure 8 HC emissions.3.4.4. Smoke
Fig. 10 shows the variation of smoke level of nano C6 as com-
pared to diesel with respect to load. It is observed that the
smoke of blend C6 is lower than that of diesel. This can be
due to better combustion of fuel in the combustion chamber.
The presence of ethanol in the blend suppresses the smoke
emission significantly. This also matches with the previous
researches [1]. Also the viscosity of the fuel is lower which leads
to better atomization of fuel. For blend nano C6, better
atomization enhanced the lesser emissions of smoke. This is
also evidenced in increase in EGT.
4. Conclusion
The conclusions drawn from the results of an experimental
study for utilizing the renewable fuels (ethanol and POME)
were conducted in three stages such as solubility in three differ-
ent temperatures, property testing, addition of ZnO nano par-
ticle, performance, combustion and emission characteristics of
the blend in a diesel engine are analyzed and presented as
3362 B. Prabakaran, A. Udhojifollows. At full load, as compared to diesel, the characteristics
of C6 and nano C6 are
 BTE reduced by 21% and 9%.
 BSFC increased by 39% and 14%.
 Maximum pressure increased by 8% and 13%.
 HRR increased by 118% and 129%.
 CO decreased by 62% and 92%.
 HC increased by 21% and reduced by 9%.
 NOx reduced by 35% and 16%.
 Smoke decreased by 54% and 82%.
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